Abstract: Bedside ultrasonography can be very useful in the evaluation and management of mechanically ventilated patients. In intensive care units the role of ultrasound is not limited to diagnosis but can be used as a guide for management of mechanical ventilation from early stages to weaning. To obtain a comprehensive functional evaluation of critical care patients during mechanical ventilation, chest ultrasonography should include the examinations of the lungs, heart, and diaphragm. Lung ultrasound is an emerging and increasingly used imaging tool to investigate both in a semiquantitative and quantitative way lung aeration during mechanical ventilation, thus helping physicians to determine the best ventilator settings to reexpand collapsed lung regions, avoiding pulmonary stress and strain. Echocardiography is important to assess right and left ventricular function, to guide ventilation strategies such as low-plateau pressures, best positive end-expiratory pressure, pronation, and permissive hypoxia and hypercapnia. Monitoring the effects of mechanical ventilation on cardiac-lung interaction may prompt lungheart protective ventilation strategy to avoid right ventricular failure, which is correlated with worse outcomes. Moreover, during weaning from mechanical ventilation chest ultrasound may give much information to the clinician, because weaning failure is due to cardiac reasons in a number of patients. Early echocardiography assessment and monitoring of weaning may lead to therapeutic interventions to improve left ventricular diastolic function and choose the best timing. Furthermore, ultrasound evaluation of diaphragm excursion and contractility may predict weaning failure.
B
edside whole-body ultrasonography performed by critical care physicians has shown a higher diagnostic and therapeutic efficacy than either clinical or instrumental examinations. 1 Thus, lung ultrasound (LUS) has rapidly became a common bedside tool in critical care settings. 2 In particular, LUS has been successfully used for diagnosis of endotracheal tube malposition, pneumothorax, lung consolidation and atelectasis, interstitial syndrome, alveolar-interstitial syndrome, and pleural effusion. 2, 3 Furthermore, LUS can help guide therapeutic decisions, guide invasive procedures (eg, pleural effusion drainage), and confirm in real time the efficacy of some treatments [eg, extravascular lung water (EVLW) after diuretic therapy or reaeration of lung regions after endotracheal tube repositioning or bronchoscopy]. [4] [5] [6] [7] In the intensive care unit (ICU), the role of LUS is not limited to diagnosis, being most useful for guiding the management of mechanical ventilation from early stages to weaning. 8, 9 During mechanical ventilation, one of the major challenges is to determine the best positive end-expiratory pressure (PEEP) to ventilate and reexpand collapsed lung regions, avoiding both recollapse and hyperinflation of other lung regions, following the "open-lung ventilation" concept. 10 During mechanical ventilation, the lung can be studied by lung mechanics or imaging tests such as computed tomography (CT), LUS, and electrical impedance tomography. 11 LUS is an emerging and increasingly used imaging tool to investigate in a semiquantitative 12 and quantitative 13 way lung aeration during mechanical ventilation.
Because positive pressures on mechanical ventilation also affect cardiovascular balance, LUS should always be integrated with echocardiography (ECHO) 14, 15 to detect the effects of mechanical ventilation on cardiac-lung interaction and to find the best PEEP and protective mechanical ventilation not only for the lungs but also for the heart. Moreover, ECHO has been shown to be a useful tool during weaning from mechanical ventilation, because weaning failure is due to cardiac reasons in a number of patients. 16 Ultrasound examination of the diaphragm (D-US) may also provide useful information for respiratory weaning. 14 Therefore, chest ultrasound should include LUS, ECHO, and D-US to obtain the necessary comprehensive evaluation of mechanically ventilated patients in critical care.
ULTRASOUND EVALUATION OF LUNG AERATION
Up to 20 years ago, ultrasonography was considered not suitable for the study of the lungs, mainly because air has a very low acoustic impedance so that much of the ultrasound waves are reflected by air, which limits tissue penetration. More recently, the interface previously considered a limit to ultrasound conventional radiology, that is, air, became one of the main elements for LUS examination. 2 The normal lung is a mix of water and air, and LUS is mainly based on the study of artifacts generated by the interaction between these 2 elements. 17 In the last 10 years, numerous studies have described a wealth of LUS semiotics that, combining static and dynamic signs, can lead to a diagnosis of "water-rich" disorders, like alveolar-interstitial syndrome, alveolar consolidation/atelectasis, pleural effusion, or "air-rich" disorders like pneumothorax. 18 Lung disorders detected by LUS can be classified on the basis of air-to-water ratio from a normal pattern called "A pattern" to pathologic patterns called "B patterns." The "A pattern" is characterized by the presence of horizontal lines generated from pleural line reverberation (A lines). The "B patterns" identify lung loss of aeration, from moderate to severe, by the presence and quantity of vertical artifact lines extending from the pleural line to the bottom of the screen (B lines). The severe loss of aeration is identified by the presence of coalescent B lines or lung consolidation, corresponding to a "tissue pattern." These LUS patterns are also useful to calculate the ultrasound reaeration score, which describes the reaeration of the lung after antibiotic therapy in lung pneumonia or lung recruitment in response to different PEEP levels (Fig. 1) . Bouhemad et al 12 found a high correlation between reaeration evaluated by CT and LUS in patients with ventilator-associated pneumonia after antibiotic treatment, whereas chest x-ray was inaccurate. In a second study, 19 the same authors found a significant correlation between PEEPinduced lung recruitment measured by pressure/volume curves and ultrasound reaeration score, confirming the previous findings of Stefanidis et al. 20 In this context, an in vivo model of whole-lung lavage 21 showed the lung aeration changes detected by LUS, thus demonstrating that all LUS diagnoses are the results of air-to-water ratio changes along with the pleural sliding examination. In addition, isolated B lines can be a sign of initial reduction of lung aeration due to pulmonary contusion, consolidation, or atelectasis, whereas diffuse B lines indicate an increase in lung water, such as in pulmonary edema or acute respiratory distress syndrome (ARDS), depending on the presence or absence of spared areas. Linear and static or arborescent and dynamic air bronchograms are characteristics of atelectasis and pulmonary consolidation, respectively. Finally, lung sliding can be normal (pleural sliding), absent (with lung point in pneumothorax), or pathologic (lung pulse, when heart pulsation is transmitted instead of pleural movement). 18 In mechanically ventilated patients, determining the best PEEP is necessary to apply protective ventilation, especially in ARDS, one of the most serious conditions in the ICU. ARDS is characterized by lung inhomogeneity with some lung regions collapsed, particularly the dependent ones, and others overdistended. Therefore, the aeration score can be used to assess the best PEEP and to monitor protective ventilation. 19, 20 The assessment of lung aeration score can also be useful for weaning from mechanical ventilation. In fact, Soummer et al 9 have demonstrated that patients with an aeration score >17 had an 85% risk of postextubation distress, whereas those with an aeration score <13 were not at risk of spontaneous breathing trial failure.
The main limits of LUS and aeration score are of being a semiquantitative method, dependent on visual evaluation and not suitable for the evaluation of overdistended regions. 22 Recently, a quantitative computer-aided LUS (Q-LUS) method has been described to quantify EVLW. 13 In an animal ex vivo model 23 and also in humans, 13 it has been shown that Q-LUS correlated with EVLW or postcapillary wedge pressure (PCWP) better than visual LUS, with a greater diagnostic accuracy in identifying EVLWZ10 mL/kg or PCWP > 18 mm Hg, especially when high PEEP levels are applied. 13 This new method, operator and PEEP independent, can give a quantification of EVLW, and in the future it might be used in place of CT for quantifying air-to-water ratio. Further studies are needed to make Q-LUS independent of ultrasound devices and presettings and, possibly, for identifying not only less aerated but also overdistended lung regions.
CARDIOPULMONARY INTEGRATED ULTRASOUND Right Ventricle Echocardiography in Mechanical Ventilation
To understand the effects of mechanical ventilation on the right ventricle (RV) and the origin of some ultrasonographic signs and quantitative parameters, it is essential to know the physiology and anatomy of RV. The RV is triangular and crescent shaped, with an inlet and outlet divided from the crista supraventricularis and has a thin free wall. Because of its anatomic characteristics, the RV is able to receive large volumes of blood with minimal changes in the free-wall area, thus being more tolerant to volume overloads than to pressure overloads. 24 The RV myocardium is composed of fibers placed longitudinally in the deeper layer and by transverse fibers in the most superficial layer, so that contraction is the result of a peristaltic motion of the free wall, where longitudinal shortening contributes more than circumferential shortening to RV ejection together with the contribution of the interventricular septum. The RV is perfused mostly from the right coronary artery during both diastole and systole. In the presence of pulmonary hypertension or increased pulmonary afterload, coronary perfusion occurs only during diastole, thus producing a state of reduced oxygen supply to the RV during systole, in particular when oxygen demand is greater. 25 The RV normally works against low resistances. When there is an increase of right afterload, the RV may acutely decompensate. The early sonographic sign is a paradoxical septal motion during end systole and end diastole, with the most accentuated strain at end systole, indicating RV pressure overload (Fig. 2) . When a volume overload occurs, generally better tolerated by the RV, the paradoxical septal motion is present only during end diastole. During augmented afterload, the increase in RV volume is associated with a change from normal triangular to spherical shape. 26 All these changes can be analyzed by ECHO, which can also measure quantitative parameters of right function.
Fractional area change, myocardial performance index, lateral S' tissue Doppler imaging, and tricuspid annular plane systolic excursion are all simple and reproducible measurements to assess RV systolic function 26, 27 (Table 1) . Right atrial pressure, as an index of patient volume status, is a parameter derived from the inferior vena cava size and its respiratory changes during spontaneous or assisted ventilation, but in several conditions these measurements are not accurate. All the conditions of lung hyperinflation such as high PEEP ventilation, auto-PEEP in asthma, or chronic obstructive pulmonary disease determine a larger inferior vena cava size. Conditions of RV dysfunction such as right myocardial infarction, tricuspidal regurgitation, chronic cor pulmonale or cardiac tamponade, and impeding venous return result in a larger inferior vena cava size. Conversely an increased abdominal pressure determines a smaller inferior vena cava size.
Heart-Lung Protective Ventilation
During mechanical ventilation, the effects of positivepressure ventilation on pulmonary circulation should be taken into account. Considering the West zone model of the lungs, in zone II and more so in zone I, a slight increase of transpulmonary pressure is sufficient to increase exponentially pulmonary vascular resistance. In ARDS and acute lung injury (ALI) this phenomenon is also amplified by a decrease in lung compliance, diffuse alveolar, and pulmonary microvascular damage with obliteration of pulmonary capillaries, and muscularization of pulmonary distal arterioles due to hypoxia and hypercapnia. 28 It has been demonstrated that a protective ventilation with low tidal volume, in particular maintaining a plateau pressure <27 to 28 cm H 2 O, reduces the negative effects of mechanical ventilation on RV afterload. 29 The best PEEP for the lung, that is, the one that recruits the lung areas affected by disease without overdistending the spared ones, can also be the best PEEP for the RV, because recruitment increases lung compliance and reduces transpulmonary pressure. Conversely, a PEEP level causing lung overdistension would also increase pulmonary vascular resistance on expiration. Not always the best PEEP for the lung is also protective for the heart; thus, PEEP titration should be performed on the basis of lung and heart examination. An efficient protective lung/heart ventilation is the one that maintains acceptable gas exchanges with minimal effect on cardiovascular function. For example, the level of permissive hypercapnia should be balanced with its effects on pulmonary vascular resistance. 30 Chest ultrasound can lead to lung-heart protective ventilation strategy. It has been shown that B22% to 27% of patients with ARDS-ALI develop RV failure with a negative prognostic value. [29] [30] [31] Therefore, bedside ECHO monitoring can help to guide treatment decisions by adopting strategies with low-plateau pressures, best PEEP, pronation, and permissive hypoxia and hypercapnia. 31 
Left Ventricle Echocardiography in Mechanical Ventilation and in Weaning
The study of the whole heart is crucial because of the in-series and in-parallel interdependence between the 2 ventricles. In fact, left ventricular (LV) alterations of kinetics, such as those involving the interventricular septum, affect the RV ejective performance. In contrast, RV dysfunction can alter LV diastole by reducing LV filling capacity, Starling mechanism, and systolic ejection capacity. This may lead to a reduced perfusion of the RV, resulting in a vicious cycle. Besides the diagnosis of specific cardiac disorders, mandatory in a diagnostic algorithm of a critically ill patient with respiratory failure, ECHO can help mechanical ventilation titration, evaluate the volume status of the patient, and recognize the cardiac origin of weaning failure from mechanical ventilation. ECHO assesses the volume status of the patient by the evaluation of respiratory changes in the vena cava, which provides an assessment of right atrial pressure and LV diastolic function, with E/A (early to late diastolic left ventricular filling) and E/e' (early to mitral annular diastolic filling velocity) ratios giving noninvasive estimates of PCWP. Right and left filling pressure estimates can give an idea of the overall patient volume status and also of differences between the right and left systems. 32 The volume status has been shown to be an important and prognostic factor in patients with ARDS. 33 Hypervolemia should be avoided together with a marked AcT indicates acceleration time; dPAP, pulmonary arterial pressure; EDA, end-diastolic area; ESA, end-systolic area; ET, ejection time; FAC, fractional area change; IVC, inferior vena cava; mPAP, medium pulmonary arterial pressure; MPI, myocardial performance index; RAP, right atrial pressure; sPAP, systolic pulmonary arterial pressure; Tapse, tricuspid annular plane systolic excursion; TCO, tricuspid closure opening time; TDI, tissue doppler imaging; v, peak tricuspidal regurgitation jet; vd, end-diastolic pulmonary regurgitation; vm, early pulmonary regurgitation.
hypovolemia, which may cause hypotension, particularly under mechanical ventilation, and amplify ventricular interdependence both in-series and in-parallel. 34 The process of weaning from mechanical ventilation is an example where chest ultrasound can give much information in one of the major challenges for the intensivist. During weaning from mechanical ventilation, there is an increase in respiratory and cardiac work, a significant higher systemic venous return, and LV overload. These changes represent a stress for the patient, causing a rapid increase in left ventricular diastolic pressure, particularly if LV compliance is altered. 35, 36 Because it has been demonstrated that failure of weaning from mechanical ventilation can sometimes have cardiac origin, in particular unrecognized diastolic dysfunction, an early ECHO assessment and monitoring upon weaning trial may prompt therapeutic interventions to improve LV diastolic function. Nevertheless, as discussed above, RV dysfunction should be taken into account for its contribution to LV diastolic dysfunction. 37 For this reason a comprehensive ECHO in this setting should include a thorough evaluation of diastolic function with at least the measure of E/A ratio and E/e' tissue Doppler imaging. According to international guidelines, weaning failure of cardiac origin can be suspected when the LV filling pressure is elevated in the presence of an E/A ratio >2, if the ejection fraction is reduced, or an E/e 0 > 12 if the ejection fraction is normal. In a nonselected population of 117 patients in the ICU, Caille et al 16 reported that those who failed weaning from mechanical ventilation had lower left ventricular ejection fraction and higher E/ e 0 before weaning. The latter evidence, with a higher E/e 0 in the failed-weaning group, was found also by Moschietto et al. 37 Papanikolaou et al 38 have described a percentage of weaning failure that increased from 35% in patients with normal diastolic function to 80% in grade 2 or 3 of diastolic dysfunction. Lamia et al 39 reported that, at the end of the weaning process with spontaneous breathing trial, the combination of E/A > 0.95 and of E/Ea > 8.5 predicted a PCWPZ18 mm Hg. Finally Dres et al 40 used the maneuver of passive leg raising to divide patients in the preload responsive group, that is, with an increase in cardiac output after passive leg raising, and preload unresponsive group. After spontaneous breathing trial weaning, 45 of the 46 patients with failed weaning belonged to the unresponsive group showing cardiac dysfunction with an augmented PCWP; conversely, among the successfully weaned patients, 10 of the 11 patients were from the preload responsive group.
DIAPHRAGM ULTRASOUND IN MECHANICAL VENTILATION AND WEANING
The diaphragm is the muscle making about 70% of respiratory work and its dysfunction may be very common in patients undergoing prolonged mechanical ventilation. Diaphragm atrophy in mechanically ventilated patients has been described by Zambon et al, 41 and a linear relationship was directly associated with ventilatory support. Kim et al 42 showed an incidence of diaphragmatic dysfunction (akinesia or dyskinesia) of 29% in patients receiving prolonged ventilation.
Before the use of ultrasound, diaphragmatic function was rarely evaluated in ICU patients for the complexity of tools available, such as phrenic nerve stimulation and measure of transdiaphragmatic pressure. Diaphragmatic ultrasound is a bedside method that is fast and accurate in evaluating diaphragmatic function, especially in ventilated patients during the weaning process. In recent years, 2 main parameters of diaphragmatic ultrasound have been described to predict successful weaning from mechanical ventilation, that is, diaphragm excursion (D-E) and contractility, quantified as diaphragmthickening fraction (D-TF). 43 The D-E (Fig. 3) is obtained by placing the probe bilaterally over the anterior axillary line in the lower intercostal space, and the movement is measured using M-mode. The D-TF is measured according to the formula: DÀTF ¼ thickness at end-inspirationÀthickness at end-expiration/ thickness at end-expiration:
The diaphragm thickness is measured during the respiratory cycle by placing the probe on the zone of apposition of the diaphragm to the rib cage near the middle axillary line by using the M-mode (Fig. 4) . In normal subjects during spontaneous breathing, D-E is 1.8 ± 0.3 cm (1.6 ± 0.3 in women) and D-TF is 54% (range, 42 to 78%). The cut-off of D-E for predicting weaning failure measured in quiet breathing is 1.4 cm for the right hemidiaphragm and 1.2 cm for the left hemidiaphragm, and less excursion is consistent with a greater risk of weaning failure. [42] [43] [44] In patients with unilateral diaphragm dysfunction, the weaning trial did not necessarily fail if the contralateral hemidiaphragm was compensated with a D-E higher than normal. 42 In agreement with these results, Lerolle et al 45 showed that a D-E of a single hemidiaphragm >25 mm during deep breathing was correlated with a good respiratory effort even in the presence of unilateral dysfunction. For this reason, it is generally a good practice to evaluate both hemidiaphragms, especially in patients with a higher probability of unilateral paralysis such as patients undergoing cardiac surgery or acute or chronic nerve damage.
In mechanically ventilated patients, D-E suffers from a physiological limit because of thoracic expansion by positivepressure ventilation, which reduces the diaphragm displacement. Conversely, D-TF is better correlated with the variation of respiratory work during mechanical ventilation, as expressed by muscular contraction of the diaphragm, being a strong predictor of successful weaning. 46 Although D-TF is more reliable than D-E for the evaluation of diaphragmatic dysfunction during mechanical ventilation, it looses power in predicting successful weaning when pressure support is >10 cm H 2 O. At increasing ventilatory supports, D-TF decreases because the ventilator offsets the work of breathing in submaximal diaphragmatic contraction, and it does not allow a reliable assessment of the diaphragmatic capabilities upon mechanical ventilation cessation. 46 DiNino et al 47 demonstrated a high sensitivity with lower specificity (88% and 71%, respectively), with a cut-off of D-TF > 30% for predicting weaning success. Recently, Farghaly and Hasan 48 reported a cut-off value of 10.5 mm of D-E to predict successful extubation with 87.5% sensitivity and 71.5% specificity. A value of D-TFZ34.2% was associated with 90% sensitivity but 64.3% specificity. Ferrari et al 49 reported a value of D-TFZ36% associated with a successful spontaneous breathing trial with 82% sensitivity and 88% specificity.
Feasibility and reproducibility, however, are higher for the right than left hemidiaphragm ultrasound, because the thickness of the latter is difficult or even impossible to measure in some patients. 50 D-US seems to be a useful and accurate tool to monitor respiratory workload and may be used to help with lung recruitment for "open-lung" ventilation, and PEEP titration in ARDS. 43, 51 The available studies on the echographic evaluation of the diaphragm are promising, but there were some limitations, such as measures taken only from the right hemidiaphragm and small populations of patients ventilated for different periods. Therefore, further studies are necessary to reveal the value of ultrasound dynamic evaluation of diaphragmatic function in predicting the risk of extubation failure and avoiding prolonged mechanical ventilation.
THERAPEUTIC EFFICACY OF CHEST ULTRASOUND IN MECHANICALLY VENTILATED PATIENTS
The management of critically ill patients has been integrated with the use of ultrasonography performed at their bedside. When performed by expert hands, ultrasonography is an attractive powerful tool that can provide useful elements in the critical care management of patients. Moreover, ultrasonography is particularly useful in ICUs because it is less time consuming and due to its repeatability, lack of ionizing radiation, low costs, and no patient discomfort. LUS has been suggested in addition, and sometimes even as an alternative, to imaging techniques that require the use of ionizing radiation or the transfer of the patient to the radiologic ward. However, it remains to be clarified whether this tool is able to influence decision making to address specific clinical questions related to pulmonary and cardiac disease. Bernier-Jean et al 6 assessed the impact of point-of-care ultrasonography on diagnosis and treatment of 968 critically ill patients, and they reported a change in management in 44% of examinations. Xirouchaki et al 5 found that LUS had a significant therapeutic impact by influencing the decision-making process in 47% of cases, and in 21% of cases LUS revealed findings not suspected by physical examination. In a study conducted by our group in the cardiac surgery ICU, chest ultrasound proved to be a useful method to identify clinically significant findings not discovered using chest auscultation alone in the postoperative setting. In addition, although therapeutic efficacies of chest ultrasound and Chest-X-ray (CXR) are relatively low, chest ultrasound identified all abnormalities requiring interventions and showed a good agreement with CXR. 7 These findings may suggest to adopt LUS instead of CXR to guide clinical decision making. However, it is likely that the impact of LUS on decision making is influenced by the reliability of the physician performing LUS examination, and we suggest that clinicians validate LUS against CXR before they confidently adopt LUS.
CONCLUSIONS AND PRACTICAL ADDRESS
Chest ultrasound is an integrated bedside examination that can be performed by the intensivist. A first complete ultrasound examination of the lungs, heart, and diaphragm on admission to ICU allows identificaton of the basic diastolic and systolic LV and RV function, revealing unknown valvular or pericardial pathology, to understand volume and hemodynamic status, to detect parenchymal "air-rich" or "water-rich" pathology or pleural effusion, and to assess the basic diaphragmatic function. After this first evaluation, chest ultrasound can be used as a monitoring procedure in all phases of mechanical ventilation by serial examinations of cardiopulmonary interaction, to titrate the cardiopulmonary protective ventilation and to monitor the diaphragmatic function and atrophy during mechanical ventilation. Finally, chest ultrasound is crucial in the phase of weaning and may help the physician to understand the complex pathophysiological effects of weaning that may affect the diagnostic and therapeutic strategies used in the ICU.
